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Quantitative and Molecular Analyses of
Genetic Risk: A Study with Ionizing Radiation
by A. W. Hsie,' Z. Xu,' Y. Yu,' J. An,' M. L. Meltz,2 J. L.
Schwartz,3 and PR Hrelia4
Mammalian cells in culture have been used to study the geneticeffects ofphysical and chemical agents. We
have used Chinese hamster ovary (CHO) cells, clone K1-BH4, to quantify mutations at theX-linked, large (35
kb) hypoxanthine-guanine phosphoribosyltransferase (hprt) locus (the CHO/HPRT assay) induced by
environmental agents.Bytransfectinganhprt-deletion mutantCHOcell linewiththeplasmidvectorpSV2gpt,
we isolated a transformant, AS52. AS52 cells carry a single functional copy of an autosomal, small (456 bp)
xanthine-guanine phosphoribosyltransferase (gpt) gene (the bacterial equivalent of the mammalian hprt
gene;AS52/GPTassay).WefoundthationizingradiationssuchasX-raysandneutronsandoxidativegenotoxic
chemicals such as Adriamycin, bleomycin, hydrogen peroxide, and potassium superoxide are much more
mutagenic tothegpt gene inAS52 cellsthan to thehprt locus in K1-BH4 cells. The hypermutabilityofthegpt
geneprobablyresultsfromahigherrecoveryofmultilocusdeletion mutantsinAS52cellsthaninK1-BH4cells,
rather than a higheryield ofinduced mutants. These results demonstrate thatthe use ofthe hprt locus alone
could lead to an underestimate ofthegenetic risk ofthese agents. Analyses ofthe mutation spectrum usinga
polymerase chain reaction-based deletion screening and DNA sequencing procedure showed that a high
proportion ofHPRT- andGPT- mutants induced byX-rays carrydeletion mutations. Thus, boththe mutant
frequencyandmutation spectrum needtobeconsidered inassessingthegeneticriskofionizingradiation and
oxidative genotoxic chemicals.
Introduction
Sixty-five years ago, Muller discovered that X-rays
induce mutations in Drosophila rnelanogaster (1). Since
then, the genetic effects ofradiation have been extensively
studied in a wide spectrum of biological systems (2,3).
Overthepastquarterofacentury, severalmammalian cell
mutational systems have been developed for studying
chemical and radiation mutagenesis (4,5). These include
the endogenous hypoxanthine-guanine phosphoribosyl-
transferase (hprt), adenine phosphoribosyltransferase
(aprt), thymidine kinase (tk), andthetransgenicxanthine-
guanine phosphoribosyltransferase (gpt) gene.
Most studies on the mutagenic effects ofionizing radia-
tion are concernedwith theinduction ofmutantfrequency
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at these genetic loci. Quantitative analyses of radiation-
induced mutant frequency have been used to assess the
potential genetic risk imposed by radiation. Recent
advances of mammalian molecular genetics has enabled
analyses ofradiation-induced gene mutations at the DNA
sequence level.
Inthispaper,wepresentaspectsofourquantitativeand
molecular studies of radiation-induced mutations in the
hprtlocusin Chinesehamsterovary(CHO) cellsclone Ki-
BH4 (CHO/HPRT assay [6]) and inthegptgenein aCHO
cell derivative, AS52 (AS52/GPT assay [7]). Evidence is
presented to demonstrate thatboth the mutantfrequency
and the molecular spectrum ofgene mutations need to be
considered in the assessment ofradiation-induced genetic
risk.
Materials and Methods
Cell Lines, Culture Conditions, and
Radiation Mutagenesis
K1-BH4 and AS52, a subelone and derivative of the
CHO-Ki cellline,respectively, wereused in allthe experi-
ments to be described. Whereas K1-BH4 cells contain an
endogenous hprt gene (6), the AS52 cells contain a trans-
genicgpt gene (7). Cell culturesweremaintained in Ham'sHSIE ET AL.
F12mediumcontaining5% fetal calfserum (F12FCM5) in
a 5% CO2-95% air incubator at 370C with 100% humidity.
To decrease thebackground ofHPRT- mutants, K1-BH4
cells were treated with F12 medium containing aminop-
terin (HATmedium), and to decreaseofthebackground of
GPT- mutants, AS52 cellswere treatedwith F12medium
containing adenine, aminopterin, and mycophenolic acid
(MPA medium) for 2 days as we described earlier (6,7).
Both cell types were then grown in F12FCM5 mediumfor
another 2 days before irradiating these cells with X-rays
(8,9).
Our previously published procedure was used to deter-
mine both the radiation-induced cytotoxicity and muta-
genicity (10). Cytotoxicity was expressed as percent of
surviving clonable cells relative to that ofuntreated con-
trol(s). Mutant frequencywas calculated as the number of
6-thioguanine-resistant (TGr) colonies per 106 clonable
cells at the end of 7 of days phenotypic expression time.
Independent TGr mutants were isolated (9,11) for the
analysis of the molecular spectrum of gene mutations
described below.
Molecular Analyses ofthe Mutation
Spectrum at the hprt andgpt Loci
Forthe analysis ofthemolecular spectrumofradiation-
inducedmutations atthehprtlocus,ourrecentlydeveloped
polymerase chain reaction (PCR)-based comprehensive
procedure was used (9,11). This procedure includes direct
sequencingofPCR-amplifiedhprtcDNAforlocatingpoint
mutations in the expressed coding sequences, multiplex
PCR-amplification of all nine hprt exons for screening
large deletions, and direct sequencing of PCR-amplified
hprt exons and their flanking regions for detecting
intronic mutations resulting in mRNA splicing errors. To
analyze the mutation spectrum of the gpt gene in AS52
cells, we have adapted the nested PCR amplification
method (9,12).
Results and Discussion
CHO/HPRT Mutation Assay
In 1974, we used CHO cells, clone K1-BH4, to develop a
quantitative mutation assay at the hprt locus, the CHO/
HPRT assay(6). The quantitative nature ofthis assayhas
been used to determine the mutagenicity ofradiation and
chemicals and to study mechanisms of mammalian cell
mutagenesis (4,13,14).
In our studies using the CHO/HPRT assaywith physi-
cal agents, we found thatultraviolet (UV) lightis a strong
mutagen; it causes a linear dose-dependent increase in
mutagenicity (15). However, X-rays are relatively weakly
mutagenic. The mutant frequency was found to increase
fromapproximately30 x 10-6mutantspercellat100rads
to 85 x 10-6 mutants per cell at 600 rads (with a spon-
taneous mutant frequency of9 x 10-6 mutants per cell).
Theshapeofthedose-response curvecouldnotbedefined
adequately (16). One possible explanation for the apparent
weak mutagenic response ofCHO K1-BH4 cells to X-rays
could be a low recovery of multilocus deletion mutants
induced by X-rays rather than a weak mutation induction
per se (17).
AS52/GPT Assay
In 1982, we transformed an X-ray-induced, hprt-
deletion subelone K1-BH4 cells with a plasmid vector,
pSV2gpt.Thegptgene,whichcodesfortheenzymeGPT,is
the bacterial equivalent ofthe mammalian hprt gene. We
obtained atransformant, AS52, thatcarries a single func-
tional copyofthegpt gene stablyintegrated into the high-
molecular-weight DNA ofthe host (7). The AS52 cell line
fulfills the classical requirements for specific-locus muta-
tion assays in mammalian cells (18).
We found that X-irradiation is equally toxic to both
AS52cellsandtheparentalK1-BH4cells. However,X-rays
areapproximately10timesmoremutagenictothegptgene
in AS52 cells than to the hprt locus K1-BH4 cells (Fig. 1).
Thus, AS52 cells are hypersensitive to mutations induced
byX-rays. Southern blot analysis showed thatthe propor-
tion of the TG-resistant mutants induced by X-rays that
carry a total loss of the gpt gene in AS52 cells is much
higher than that ofthe hprt gene in K1-BH4 cells. Small
deletions are the most frequent type of deletion in spon-
taneous mutants (8,9,12).
Because X-irradiation induced predominantly deletion
mutations in these cells as analyzed by Southern blot
hybridization (8), the observed low mutagenic activity of
X-irradiation in K1-BH4 cells, where the hprt gene exists
in a hemizygous state, is likely due to lethal events associ-
atedwithmultilocus deletions, reducingtheviabilityofthe
induced TG-resistantmutants. Thegpt gene is mostlikely
integrated in the heterozygous state in one of the auto-
somes of AS52 cells. In AS52 cells, a multilocus deletion
induced byX-irradiation could produce only a hemizygous
statein avital gene thatflanksthegpt gene, resultingin a
higher probability of recovering induced TG-resistant
mutants rather than to an actual reduced mutation induc-
tion (17,19,20).
We found that neutrons are also mutagenic to the hprt
gene in CHO cells. The mutant frequency was found to
increase from approximately 35 x 10-6 mutants per cell
at20rads to 100 x 10-6 mutants percell at100rads (with
aspontaneous mutantfrequencyof12 x 10-6mutantsper
cell). The pattern ofX-ray-induced differential mutagenic
response between the hprt locus in K1-BH4 cells and gpt
gene in AS52 cells was also produced by irradiation with
neutrons. Neutron irradiation resulted in nearly identical
toxicitytoboth celltypes; however, neutronswere approx-
imately 10 times more mutagenic to the gpt gene than to
the hprt locus (17).
Evidence for Reactive Oxygen Species
Inducing Mutations
Reactive oxygen species (ROS) are being implicated in
the toxic action ofionizing radiation and oxidative chemi-
cals (21). IfROS were to mediate the mutagenic effects of
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FIGURE 1. The cytotoxic (0, A) and mutagenic (O, A) effects ofX-rays, ethyl methanesulfonate, and hydrogen peroxide. (A) Percent relative survival;
(B) mutants/106 clonable cells.
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radiation such as X-rays and neutrons, then oxidative
genotoxic chemicals such as streptonigrin, Adriamycin,
and bleomycin, which are known to produce superoxide
and hydroxyradicals, would be expected to be equitoxic to
both cell types and more mutagenic to the gpt gene in
AS52 cells than to the hprt locus in K1-BH4 cells. Like-
wise, potassium superoxide and hydrogenperoxide, which
are ROS themselves, should be more mutagenic to thegpt
gene in AS52 cells and equitoxic to both cell types. The
results ofourexperiments fulfilled such expectations (Fig.
1). We have previously shown that agents such as ethyl
methanesulfonate (EMS), ICR-191, and W-light, which do
not produce ROS, do not elicit differential mutagenic
response in both cell types (8,22) (Fig. 1). Taken together,
these experiments supporttheviewthatone ofthemecha-
nisms responsible for the mutagenic effects of ionizing
radiation and oxidative genotoxic chemicals is mediated
through ROS (17,19,20).
Molecular Analyses ofGene Mutations
Southern blot analysis shows that ionizing radiation
induces predominantly deletions atthe hprt locus in CHO
cells clone K1-BH4 (8). Mutations undetectable by South-
ern blot analysis have largely been uncharacterized
because appropriate large-scale molecular genetic pro-
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FIGURE 2. Molecular analysis ofmutation spectra ofthe hprt locus in CHO cells. (A) Multiplex exon amplification for deletion screening. All nine hprt
exons were simultaneouslyamplified in asingle PCR. Exons 7 and 8were amplified in one DNAfragment. (Lane 1) standard hprtpositive control (Kl-
BH4cells); (lane2)negativecontrol(noDNAtemplate); (lanes3-5) spontaneousmutants(lane3, exon4deletion; lane4, exon5deletion;lane5, exons 6-9
deletion); (lanes 6-9) y-ray-induced mutants (lane 6, exon 4 deletion; lane 4, exons 6-9 deletion; lane 8, intact exons; lane 9, a total deletion). (B) PCR
amplification ofthehprtcDNA.A841-bp DNAfragmentcontainingtheentirepeptide codingregion (651bp) ofthehprtmRNAwas amplified viaPCR
from cDNA ofthe parental K1-BH4 cells (lane 1), a mutant with base-substitution (lane 2), and a mutant with a deletion of47 bp (lane 3). No cDNA
fragmentwasobserved ononemutant(lane4).(C)Directsequence analysisofPCR-amplifiedhprtcDNA.Adeletionofentireexon7codingsequence(48
bp;exonskipping)wasidentifiedinthehprtcDNAofamutant. (D)DirectsequencingofPCR-amplified individual exonsofthehprtgene.Atransversion
ofG to C in the splice acceptor site ofexon 7 in a mutant which causes exon 7 skipping in cDNA.
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cedurestoanalyzethemutationspectrum ofthehprtlocus
at the DNA sequence level have been developed only
recently (9,11). A preliminary analysis of spontaneous
mutations of the gpt gene in CHO cell subclone AS52
showed that a high proportion ofthe spontaneously aris-
ing mutations are deletions (12).
Recently, we established a PCR-based comprehensive
procedure for molecular analysis ofmutation spectrum at
the hprt locus in CHO cells, clone K1-BH4 (9,11).This
procedure includes a) multiplex PCR amplification of all
nine hprt exons for deletion screening, b) direct sequenc-
ingofPCR-amplified hprt cDNAforidentification ofpoint
mutations atthe codingregion, and c) directsequencingof
PCR-amplified individual exon and flanking regions for
determining splicing mutations (Fig. 2).
Usingthis PCR procedure, we have analyzed the muta-
tion spectrum of 63 independent spontaneous HPRT-
mutants in K1-BH4 cells.Wefoundthatthereexists awide
spectrum of mutational events among these mutants
(Table 1). These include single base substitution (41%),
deletions (25%), RNAsplicingerrors (25%), frameshift(±+
1 bp; 3%), insertion (2%) and gene rearrangements (3%).
Two hot spots appear to exist for single base substitution.
The majority ofdeletion breakpoints (71%) were found in
regions around exons4, 5, and6. RNAsplicingerrorswere
found to affect exons 3 and 9, and mostly resulted in the
loss ofexon 7 (40%) (9,11).
Results from the sequence analysis of 43 spontaneous
GPTmutantsinAS52 cells showed thatthegreatmajority
(68%) of mutations is deletion. Among these deletion
mutants, 76%havelosttheentiregptgene. Othermutation
types include 14% single base substitution, 9% frameshift
(±+ 1 bp) and 9%insertion (9).Wefound a3-bpdeletion hot
spot as reported by others (12).
We screened forX-ray-induced deletions and found that
X-rays induce primarily deletions (9). Among 41 HPRT-
mutantsinducedbyX-rays at400rads, 51%ofthemutants
hadlosttheentiregptgene.Analyzing28mutantsinduced
by 600 rads of X-rays, the proportion of total deletion
increased to 68%. Itappearsthattheinduction ofdeletion-
type mutations could be dose dependent. Seven percent of
the HPRT- mutants induced by X-rays at 600 rads
exhibits partial deletion (Table 2). Analyses of 25 GPT-
mutants induced byX-rays (400 rads) showed that80% of
themhavelosttheentiregptgene and another4%exhibits
a partial deletion (Table 2).
Thesedata onX-ray-induced mutation spectrum ofboth
the hprt and gpt gene (9) are consistent with our earlier
findings from cellular mutagenesis inwhichwe found that
the majority of X-ray-induced mutants at these two loci
were found to be deletion as analyzed at the cellular level
(17,19,20).
Quantitative and Molecular Analyses of
Genetic Risk
Our studies demonstrate that ionizing radiations and
oxidative genotoxic chemicals, both ofwhich are known to
generate ROS as a major mechanism, are approximately
Table 1. Spectrum of spontaneous mutations.
Iype ofmutation CHO K1-BH4/hprt CHO AS52/gpt
Deletion 25% (16/63) 68% (29/43)
Total deletion (0/16) (22/29)
Exon deletion (14/16) NA
Base pair deletion (>2bp) (2/16) (7/29)
Single base substitution 41% (26/63) 14% (6/43)
Transition (7/26) (4/6)
Transversion (19/26) (2/6)
Frameshift (±+ 1 bp) 3% (2/63) 9% (4/43)
Insertion 2% (1/63) 9% (4/43)
RNA splicing mutation 25% (16/63) NA
Others 3% (2/63) NA
Table 2. Deletion screening ofX-ray-induced mutations.
Type of CHO K1-BH4Jhprt CHO AS52/gpt,
mutation 400 rad 600 rad 400 rad
Total deletion 51% (21/41) 68% (19/28) 80% (20/25)
Partial deletion 7% (2/28) 4% (1/25)
Rearrangement 4% (1/28)
Nondetectable 49% (20/41) 21% (6/28) 16% (4/25)
change
5-10 times more mutagenic to the heterozygous gpt gene
than to the hemizygous hprt locus. Thus, these agents
could be considered a potent mutagen to one genetic
marker (gpt) and a weak mutagen to another (hprt).
Demonstration that a high proportion of mutants
induced by radiation and ROS producers may not survive
to be scored as mutants in the K1-BH4 cells (CHO/HPRT
assay) implies that assessment of genetic risk for these
agents using hemizygous genetic markers such as hprt
might be underestimated. This also leads to consider a
need to reevaluate assessment of genetic risk relative to
ionizingradiation. Ourstudies ontherelationshipbetween
mutation induction and mutant recovery as analyzed by
Southern blot hybridization and PCR procedure suggests
arole ofmoleculargenetics inthe quantitative assessment
ofthe mutagenic risk.
We thank Melinda A. Duroux for preparing and editing the man-
uscript. The work performed in this paper has been supported by the
John Sealy Memorial Endowment Fund (1989-1991).
REFERENCES
1. Muller, H. J. Artificial transmission of the gene. Science 66: 84-87
(1927).
2. Sankaranarayanan, K. Genetic EffectsofIonizingRadiationinMulti-
cellular Eukaryotes and the Assessment of Genetic Radiation Haz-
ards in Man. Elsevier Biomedical Press, Amsterdam, 1982.
3. DeMarini, D. M., Brockman, H. E., de Serres, F. J., Evans, H. H.,
Stankowski, L. F., Jr., and Hsie, A. W. Specific-locus mutations
induced in eukaryotes (especially mammalian cells) by radiation and
chemicals: a perspective. Mutat. Res. 220: 11-29 (1989).
4. Hsie, A. W., O'Neill J. P., and McElheny, V. K. Mammalian Cell
Mutagenesis: Maturation of Test Systems. Banbury Report 2. Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY, 1979.
5. Moore, M. M., DeMarini, D. M., de Serres F. J., and Tindall, K. T.
Mammalian Cell Mutagenesis. Banbury Report 28, Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY, 1987.218 HSIE ET AL.
6. Hsie, A. W., Birimer, P. A., Mitchell, T. J., and Gosslee, D. G. The dose-
riesponse rielationships for ethyl methanesulfonate-inducedc mutations
at the hypoxanthine-guanine phosphoribosyltransferase locus in Chi-
nese hamster ovary cells. Somatic Cell Genet. 1: 247-261 (1975).
7. Tindall, K. R., Stankowski, L. F., Jr., Machanoff, R., and Hsie, A. W.
Detection of deletion mutations in pSVgpt transformed cells. Mol.
Cell. Biol. 4: 1411-1415 (1984).
8. Stankowski, L. F., Jr., and Hsie, A. W. Quantitative and molecular
analyses of radiation-inducedl mutation in AS52 cells. Radiat. Res.
105: 37-48 (1986).
9. Xu, Z. Molecular analyses of spontaneous and induced mutations at
thehprt andgptlociinmammalian cells. Ph.D. Thesis, The University
ofTexas Medical Branch, Galveston, TX, 1992.
10. O'Neill, J. P., Brimer, P. A., Machanoff, R., Hirsch, G. P., and Hsie, A.
W. A quantitative assay of mutation induction at the hypoxanthine-
guanine phosphoribosyltransferase locus in Chinese hamster ovary
cells (CHO/HGPRT system): development and definition of the sys-
tem. Mutat. Res. 45: 91-101. (1977).
11. Yu, Y., Xu, Z., Gibbs, R., and Hsie, A. W. Apolymerase chain reaction-
based comprehensive procedure for the analysis of the mutation
spectrum at the hypoxanthine-guanine phosphoribosyltransferase
locus in Chinese hamster cells. Environ. Mol. Mutagen. 19: 267-273
(1992).
12. Tindall, K. R., and StankoNski, L. F., Jr. Molecular analyses of
spontaneous mutations at the gpt locus in Chinese hamster ovary
cells. Mutat. Res. 220: 241-253 (1989).
13. Hsie, A. W., Casciano, D. A., Couch, D. B., Krahn, D. R., O'Neill, J. P.,
and Whitfield, B. L. The use of Chinese hamster ovary cells to
quantify specific locus mutation and to determine mutagenicity of
chemicals. Mutat. Res. 86: 193-214. 1981.
14. Hsie, A. W., O'Neill, J. P., Couch, D. B., San Sebastian, J. R., Brimer, P.
A., Machanoff, R., Riddle, J. C., Li, A. P., Fuscoe, J. C., Forbes, M. L.,
and Hsie, M. H. Quantitative analyses of radiation- and chemical-
induced cellular lethality and mutagenesis in Chinese hamster ovary
cells. Radiat. Res. 76: 471-492 (1978).
15. Hsie, A. W., Brimer, P. A., Mitchell, T. J., and Gosslee, D. G. The dose-
response relationship for ultraviolet light-induced mutations at the
hypoxanthine-guanine phosphoribosyltransferase locus in Chinese
hamster ovary cells. Somatic Cell Genet. 1: 383-389 (1975).
16. O'Neill, J. P., Couch, D. B., Machanoff, R., San Sebastian, J. R.,Brimel,
P. A., and Hsie, A. W. A quantitative assay of mutation assay at the
hypoxanthine-guanine phosphoribosyltransferase locus in Chinese
hamster ovary cells (CHO/HGPRT system): utilization with a variety
ofmutagenic agents. Mutat. Res. 45: 103-109 (1977).
17. Hsie,A.W., Recio, L., Katz, D. S., Lee, C. Q.,Wagner, M., and Schenley,
R. L., Evidence for reactive oxygen species inducing mutations in
mammalian cells. Proc. Natl. Acad. Sci. U.S.A. 83: 9616-9620 (1986).
18. Tindall, K. R., Stankowski,L. F., Jr., Machanoff, R., and Hsie, A. W.
Analyses ofmutation in pSVgpt transformed CHO cells. Mutat. Res.
160: 121-131 (1986).
19. Hsie, A. W. The use of the hgprt versus gpt locus for quantitative
mammalian cell mutagenesis. In: Mammalian Cell Mutagenesis (M.
M. Moore, D. M. DeMarini, F. J. DeSerres, and K. R. Tindall, Eds.),
Banbury Report 28, Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY, 1987, pp. 37-46.
20. Hsie, A. W., Xu, Z., Yu, Y., Sognier, M. A., and Hrelia, P. Molecular
analysis of reactive oxygen species-induced mammalian gene muta-
tion. Teratog. Carcinog. Mutagen. 10: 115-124 (1990).
21. Floyd, R. A. Role ofoxygen free radicals in carcinogenesis and brain
ischemia. FASEB J 4: 2587-2597 (1990).
22. Stankowski, L. F., Jr., Tindall, K. R., and Hsie, A. W. Quantitative and
molecular analyses of ethyl methanesulfonate- and ICR-induced
mutation inpSVgpt-transformed CHO cells. Mutat. Res. 160:133-147
(1986).